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Risk of acute myeloid leukaemia and multiple
myeloma in workers exposed to benzene

Otto Wong

Abstract
Objective-To determine the risk of
developing acute myeloid leukaemia
(AML) and multiple myeloma in a cohort
of workers exposed to benzene. The
results were used to show the importance
of taking specificity of disease into con-
sideration in causation analysis.
Methods-Data were derived from a
cohort of workers employed at two
Goodyear plants in Ohio in the manufac-
ture of Pliofilm. Based on data in the
Pliofihm study, several papers that exam-
ined the relation between exposure to
benzene and leukaemia (all cell types
combined) have been published. In the
current analyses based on updated data
in the study, standardised mortality
ratios (SMRs) and 95% confidence inter-
vals (95% CIs) were calculated for AML
and multiple myeloma by cumulative
exposure to benzene. The results based
on AML were compared with those for
leukaemia (all cell types combined) pub-
lished previously.
Results-An exposure response relation
was shown between cumulative exposure
to benzene and AML. No increased risk of
AML was detected for cumulative expo-
sure to benzene below 200 ppm-years
(SMR 0.91). Above 200 ppm-years, risk
of AML rose drastically; reaching a sig-
nificant SMR of 98-37 for > 400 ppm-
years. For multiple myeloma, no relation
with exposure to benzene was detected.
Conclusion-Analysis specific to AML
shows the importance of taking speci-
ficity ofdisease into consideration in cau-
sation analysis. This investigation shows
that previous analyses based on all
leukaemia cell types combined have
incorrectly set the estimated threshold
too low, and have underestimated risk
above the threshold. Current regulatory
policies that rely on previous analyses
based on all leukaemia cell types com-
bined should be re-examined.
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The cohort of workers employed at two
Goodyear plants in Ohio in the manufacture
of Pliofilm (rubber hydrochloride) has been
the subject of several epidemiological

analyses. The first analysis based on mortality
(only 75% complete) up to 1975 was reported
by Infante et al.I Infante et al reported a signif-
icantly increased standardised mortality ratio
(SMR) of 2-60 for lymphatic and haematopoi-
etic cancers. They stated that the increase was
due almost entirely to an excess of deaths
from leukaemia. For leukaemia, the SMR was
5-06. Recognising that leukaemias related to
benzene were predominantly acute myeloid
leukaemia (AML),' Infante et al made an
attempt to estimate risk by cell type, and esti-
mated the risk of dying from myeloid or
monocytic leukaemia to be about 10-fold.
Rinsky et al reported the second analysis
based on mortality (98% complete) up to
1975.3 The results were essentially the same
(SMR for lymphatic and haematopoietic
cancers 3 30, SMR for leukaemia 5.60). The
third analysis was based on mortality up to
1981.4 Analyses by estimated cumulative
exposure to benzene were conducted. For
the entire cohort, a significantly increased
risk of leukaemia of 3-37 was reported.
The predominant cell type was AML. A posi-
tive exposure-response relation between
leukaemia and cumulative exposure to ben-
zene was shown. The accuracy of the expo-
sure estimates used by Rinsky et al4 was
questioned.5 6 It seemed that at least some
exposures of Rinsky et al4 had been underesti-
mated. As well as leukaemia, a risk of multiple
myeloma of borderline significance was
reported (SMR 3 98) by Rinsky et al,4 but no
exposure-response relation was shown for
multiple myeloma.

Paxton et al presented the latest analysis of
the Pliofilm cohort based on mortality up to
1987.78 As well as exposure estimates devel-
oped by Rinsky et al,4 Paxton et al used expo-
sure estimates developed by Crump and
Allen5 and Paustenbach et al.6 For the entire
cohort, a significantly increased SMR of 3-60
for leukaemia was reported. Furthermore, a
positive exposure-response relation was
found, although the values of risk ratios by
exposure varied with the particular set of
exposure estimates used. Paxton et al
concluded that the leukaemia data were con-
sistent with a threshold model, and suggested
that the threshold would be greater than 50
ppm-years.78 Although no quantitative risk
analysis was performed for multiple myeloma
because no additional case was found in the
update, Paxton et al concluded that the statis-
tical association previously reported by Rinsky
et al4 would have been "weakened to non-
significance."7 8
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The focus of the analyses of Paxton et al
was on the difference between the three sets of
exposure estimates.78 The difficulties of esti-
mating exposure in epidemiological studies, in
the absence of historical exposure data, are
well recognised. In the Pliofilm study, it
seemed that some of the estimates of Rinsky et
al were low.4 On the other hand, Utterback
and Rinsky9 commented that some estimates
developed by Crump and Allen5 or
Paustenbach et a16 were high. It seems
unlikely that the discrepancies among the
three sets of exposure estimates will ever be
resolved completely.
As well as exposure estimates, another

important aspect of risk analysis is the proper
classification of specific health outcomes.
Paxton et al analysed leukaemia data as a single
disease. In the past, leukaemia was considered
to be a single statistical category in most occu-
pational epidemiological studies, partly
because of the historical nomenclature, poten-
tial misdiagnoses in some cases, lack of an
understanding of the biological mechanisms,
unavailability of cell type specific rates for
comparison, and most importantly, the
paucity of cases by cell type in individual
studies.1011 Recently epidemiological studies
have shown the importance of cell type
specific analysis in studying leukaemia. It has
now been recognised that the diseases collec-
tively known as leukaemia are several distinct
malignancies with different aetiological fac-
tors. For example, Linet began her book on
leukaemia with the following:
Earlier epidemiologic reviews considered leukemia
as a single disease with some minor differences in
risk factors for each of the histopathologic types. In
the last two decades, epidemiologic studies have
provided evidence that diseases collectively identi-
fied as leukemia are several distinct malignancies
characterized by varying age, sex, race, and ethnic
group patterns, dissimilar secular trends, and dif-
ferent etiologic factors.12

Likewise, Heath began a review on
leukaemia with the following:
The leukemias encompass a diverse group of malig-
nancies that share in common merely the fact that
all arise from cell systems that circulate in periph-
eral blood and that arise in large part from bone
marrow. The differing cell origins of the leukemias
require that different leukemic cell types be consid-
ered separately in terms of etiology, pathogenesis,
therapy, and prevention.'3

Similarly, the diversity of different types of
leukaemia has long been recognised by
haematologists, as indicated, for example, in
the widely used textbook of haematology by
Wintrobe et al:
Few authorities would disagree concerning the
recognition of chronic myeloid leukemia (CML),
acute myeloid leukemia (AML), polycythemia vera
(PV), idiopathic myelofibrosis (IMF), chronic lym-
phocytic leukemia (CLL), acute lymphoblastic
leukemia (ALL), Hodgkin's disease (HD), the non-
Hodgkin's lymphomas (NHL), multiple myeloma
(MM), and macroglobulinemia as distinct enti-
ties. 14

The issue of whether all leukaemia cell
types can be affected by a common aetiological
agent has also been examined at the cellular
level. In particular, the role of haemopoietic

stem cells in leukaemogenesis has been inves-
tigated. Stem cells can be classified into two
major categories: the pluripotential stem cells,
which are responsible for the production of
circulating elements; and their direct descen-
dants, the committed precursor cells, which
are programmed to follow a single line of dif-
ferentiation. Both in vivo and in vitro studies
have indicated that the committed stem (pre-
cursor or progenitor) cells are capable of self
renewal and amplification. In the past, several
proposed hypotheses have suggested that the
effects of benzene metabolites on stem cells
have a major impact on cell proliferation and
differentiation during the early stages of
leukaemogenesis. In most of these hypotheses
little or no distinction was made between the
pluripotential and the committed stem cells.
Recent research has indicated that the com-
mitted stem cells or progenitor cells play an
important part not only in the maintenance of
normal, steady state haemopoiesis but also in
the aetiology of cell type specific leukaemias.

Based on an investigation of immuno-
globulin gene organisation and expression in
haemopoietic stem cell leukaemia, Ford et al
have shown that a clonal event leading to blast
crisis can occur in a committed B cell precur-
sor rather than in the pluripotential stem cell
precursor.'5 Based on human DNA analyses,
Maher et al concluded that CML and CLL do
not arise from a common progenitor and that
these malignancies arise from two distinct
precursors. 16

Laboratory investigations of the effects of
benzene and its metabolites on stem and
progenitor cell regulation by Irons et al have
offered a mechanistic explanation for the
selective increase in AML.17 The investiga-
tions have shown that benzene in vivo and
hydroquinone (a benzene metabolite) in vitro
alter the recruitment or stimulation of
myeloid progenitor cells, thereby increasing
the number of cells at risk of developing
leukaemia. Furthermore, these investigations
have indicated that this effect is selective for
recruitment of myeloid cells that respond to a
specific myeloid growth factor, GM-CSF.
This effect, on the other hand, is not found
for other growth factors associated with
recruitment or stimulation of lymphoid prog-
enitor cells.

Thus, recent advances in other disciplines
confirm the epidemiological observation that
leukaemia is a group of distinct malignancies
that should be analysed separately. As com-
mented previously,'0 11 very few individual
studies have estimates of exposure to benzene
and can provide enough cases for leukaemia
cell type specific analysis. In terms of AML,
the possible exception is the Pliofilm study. In
here, I present an analysis specific to AML
based on the Pliofilm study, which shows
that such a specific analysis provides more
appropriate estimates both for a threshold
and for risk ratios above the threshold than
analyses based on all leukaemia cell types
combined. Also, I present an analysis for
multiple myeloma by cumulative exposure to
benzene.
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Results and analyses
The analyses were based on the Pliofilm study
updated up to 1987, as reported by Paxton et
al.78 Age specific rates for AML and multiple
myeloma derived from data provided by the
National Center for Health Statistics and by
the National Cancer Institute were used in
computing expected deaths. Standardised
mortality ratios and 95% confidence intervals
(95% CIs) were calculated. Only exposure
estimates developed by Rinsky et a14 and their
exposure categories were used in the analyses.

Table 1 shows that, for the cohort as a
whole, six deaths from AML were observed,
compared with 1-19 expected. The corres-
ponding SMR of 5 03 was significant (95%
CI 1-84-10-97). No increase of AML was
detected for cumulative exposure below 200
ppm-years. Among workers whose cumulative
exposure was less than 200 ppm-years, one
death from AML was observed, compared
with 1-09 expected (SMR 0-91), but, above
200 ppm-years, risk of AML rose drastically.
For workers with a cumulative exposure of
> 400 ppm-years, their SMR for AML was
98-37.

Table 2 shows the results of a similar analy-
sis for multiple myeloma. For the cohort as a
whole, four deaths from multiple myeloma
were observed, compared with 1-37 expected.
The SMR of 2-91 was not significant. More
importantly, table 2 indicates that there was
no exposure-response relation. In fact, three
of the four deaths were in the lowest exposure
category. One of these three people was
employed at one of the plants for only four
days, and the other two for nine months and
1-5 years.4

Discussion
Paxton et al provided exposure-response
analyses for overall leukaemia (all cell types

Table I Acute myeloid leukemia by cumulative exposure to benzene

Cumulative Deaths
exposure
(ppm-years) Obs Exp SMR (95% CI)

<40 1 0284} 1-09 1.19 0-91 (003-6-63)} (0-02-5-11)40-200 1 0-25f (0-14-75)}(0 1
200-400 2 0 07 27-21 (3-29-98 24)
>400 3 0 03 98-37** (20 28-287-65)
Total 6 1-19 5 03** (1-84-10-97)

**P < 0*01.

Table 2 Multiple myeloma by cumulative exposure to benzene

Cumulative Deaths
exposure
(ppm-years) Obs Exp SMR (95% CI)

<40 3 0-93 3-21 (0-66-9 39)
40-200 0 0-30 0 (0-12 29)
200-400 0 0 10 0 (0-36 89)
>400 1 0-04 25-17 (0-63-139-83)
Total 4 1 37 2-91 (0 79-7 45)

combined) based on three sets of exposure
estimates.78 In particular, their analysis based
on the exposure estimates of Rinsky et a14
indicated that the risk of leukaemia was
increased for every cumulative exposure cate-
gory, with SMRs of 1-97, 2-29, 6-93 (signifi-
cant), and 20-00 for exposure categories 0-5,
5-50, 50-500, and > 500 ppm-years, respec-
tively. Although Paxton et al concluded that
the data were consistent with a threshold
model, the location of the threshold was not
obvious from their analysis.78 They suggested a
threshold of 50 ppm-years, as no significant
excess of leukaemia was found below this
exposure. In the analysis specific to AML in
my report, no excess of AML was observed
for cumulative exposure less than 200 ppm-
years (SMR 0-91). Above this level risk of
AML rose drastically, reaching a risk ratio of
98-fold for > 400 ppm-years. If one considers a
threshold as the level below which no excess
risk is observed, then the data from the
Pliofilm study indicate that the threshold for
AML would be around 200 ppm-years.

Previous analyses of the Pliofilm study have
been based on leukaemia of all cell types com-
bined. Many regulatory policies have been
based on such analyses. There are three major
consequences of ignoring specific information
on cell type in analysing risk of leukaemia.
Firstly, the threshold based on all leukaemia
cell types combined was less well defined and
much lower than the one based on AML
specifically. Secondly, above the threshold,
the risk ratios based on all leukaemia cell
types combined were substantially under esti-
mated. Thirdly, by lumping all cell types into a
single category, the misconception that
benzene can increase the risk of other cell
types of leukaemia may be created.

For cell types other than AML, the Pliofilm
study does not provide sufficient cases for any
meaningful analysis. The specific cell type
with the second largest number of cases in the
Pliofilm study was chronic myeloid leukaemia
(CML), consisting of only two deaths. One of
the two deaths from CML was employed at
one of the plants for one month in 1948, and
died two years later in 1950 at age 29. His
cumulative exposure was 0-10 ppm-year.
Clearly this case could not have been associ-
ated with exposure at the plant. Thus, the
Pliofilm study offers little useful information
on CML or other leukaemia cell types besides
AML.

Several epidemiological studies have
reported the lack of an association between
exposure to benzene or mixtures containing
benzene and other leukaemia cell types.18-22
For example, no association between CML
and exposure to benzene or other organic sol-
vents was found in case-control studies con-
ducted in Sweden'9 and in England.20
Similarly, case-control studies of CLL con-
ducted in the Baltimore area2' and in four
states in the United States (Washington,
Utah, Michigan, and Georgia)22 did not
detect any increased risk in people exposed to
benzene.
The AML threshold of 200 ppm-years
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derived in this analysis is based on the expo-

sure estimates of Rinsky et al,4 which are

much lower than those developed by Crump
and Allen5 or Paustenbach et al,6 although
there was a high correlation between individ-
ual cumulative exposures based on the three
sets of estimates. The Pearson correlation
coefficient between cumulative exposures

based on the estimates of Paustenbach et al
and Rinsky et al (0-83, P < 0-0001) was

slightly higher than that between those from
Crump and Allen and Rinsky et al (0-76, P <

0-0001). The relations between the three sets
of cumulative estimates are as follows:

Y = 13.78 + 1.78 x X and
Z = 49-43 + 2.41 xX,

where X is the cumulative exposure based on

the estimates of Rinsky et al, Y is that of
Crump and Allen5 and Z is that of
Paustenbach et al.6 Based on the exposure

estimates of Crump and Allen5 and
Paustenbach et al,6 the AML thresholds would
be about 370 and 530 ppm-years respectively.
A few reports in the scientific literature

have suggested an association between expo-

sure to benzene and multiple myeloma. Based
on the Pliofilm study with mortality up to
1981, Rinsky et a!4 reported a risk of border-
line significance for multiple myeloma (SMR
3-98, 95% CI 1'10-10'47). Cases of multiple
myeloma in people with potential exposure to
benzene have also been reported.2324 These
case reports do not provide any risk estimates,
and therefore are not useful in causation
analysis.

There were four deaths due to multiple
myeloma in the Pliofilm study. One subject
worked at one of the plants for four days, one

for nine months, and another for 1-5 years.4
My analysis for multiple myeloma based on

updated data shows that the significant excess

previously reported by Rinsky et al 4 was no

longer significant. Furthermore, the exposure-
response analysis indicates that the deaths
from multiple myeloma were not related to
exposure to benzene at the plants in the study.
The lack of an association between expo-

sure to benzene and multiple myeloma has
been reported in several previous large scale
studies. In a cohort study of more than 7000
chemical workers exposed to benzene, three
deaths were reported from multiple myeloma,
whereas about 2-6 deaths were expected.'01'
In another cohort study of more than 18 000
petroleum transportation workers exposed to
petrol (containing 2% to 5% benzene), 17
deaths were reported from multiple myeloma,
whereas 21-4 were expected.'725 Furthermore,
several case-control studies have reported no

increased risk of multiple myeloma among
people exposed to benzene or benzene-con-
taining solvents.25-30 For example, Linet et al
reported a risk ratio of 1 1 for benzene expo-
sure in a study in Baltimore,26 and Morris et al
reported a risk ratio of 0-8 for aromatic hydro-
carbons (benzene, toluene, xylene) in a study
consisting of 698 cases in four states in the
United States (Washington, Utah, Michigan,

and Georgia).27 These studies support the
analysis in my report.

Before closing, it should be pointed out
that the number of deaths from AML or mul-
tiple myeloma included in my analyses was
small, and therefore the results should be
interpreted with caution and in conjunction
with studies already mentioned. Nevertheless,
previous analyses based on the same set of
data have been relied upon by several regula-
tory agencies for policy making. These regula-
tory policies should be re-examined in view of
the new analyses for AML and multiple
myeloma presented in this report.

Conclusion
Three decades ago, Hill set forth criteria for
assessment of causation.3' The same criteria
were used in evaluating cancer risks related to
tobacco in the Surgeon General's report on
smoking,'2 and by the International Agency
for Research on Cancer in evaluation of
carcinogenicity.2 Specificity is one of the
major criteria for causation analysis. The
analysis specific to AML presented in this
report shows the importance of taking speci-
ficity into consideration. Previous analyses
based on all leukaemia cell types combined
have incorrectly set the estimated threshold
too low but underestimated risk above the
threshold. The estimated threshold specific to
AML was found to be at least 200 ppm-years
based on one set of exposure estimates; and
much higher, had other exposure estimates
(most likely more accurate) been used.
Current regulatory policies relying on previ-
ous analyses based on all leukaemia cell types
combined should be re-examined. The analysis
on multiple myeloma shows that no signifi-
cant increase was found, and that no expo-
sure-response relation between exposure to
benzene and multiple myeloma was detected.
These results are consistent with findings
from other epidemiological studies.
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